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Structure, regulation and physiological roles of urea transporters.
Urea is the major constituent of the urine and the principal means for
disposal of nitrogen derived from amino acid metabolism. Specialized
phioretin-inhibitable urea transporters are expressed in kidney medulla
and play a central role in urea excretion and water balance. These
transporters allow accumulation of urea in the medulla and enable the
kidney to concentrate urine to an osmolality greater than systemic plasma.
Recently, expression cloning with Xenopus oocytes has led to the isolation
of a novel phioretin-inhibitable urea transporter (UT2) from rabbit, and
subsequently from rat kidney. UT2 from both species has the character-
istics of the phloretin-sensitive urea transporter previously defined in
kidney by in Vitro perfused tubule studies. Based on these advances,
Ripoche and colleagues cloned a homologous urea transporter (HUT11)
from eiythrocytes. UT2 and HUTI 1 predict 43 kDa polypeptides and
exhibit 64% amino acid sequence identity. Since regulation of urea
transport in the kidney plays an important role in the orchestration of the
antidiuretic response, we have studied the regulation of urea transporter
in rat kidney at the mRNA level. On Northern blots probed at high
stringency, rat UT2 hybridized to two transcripts of 2.9 kb and 4.0 kb,
which have spatially distinct distributions within the kidney. Northern
analysis and in situ hybridization of kidneys from rats maintained at
different physiologic states revealed that the 2.9 and 4.0 kb transcripts are
regulated by separate mechanisms. The 4 kb transcript was primarily
responsive to changes in the dietary protein content, whereas the 2.9 kb
transcript was highly responsive to changes in the hydration state of the
animal. We propose that the two UT2 transcripts are regulated by distinct
mechanisms to allow optimal fluid balance and urea excretion.
Urea is the major end product of nitrogen metabolism in most
mammals. It is synthesized in the liver by the urea cycle and
excreted in the urine (Fig. 1). Although the synthesis of urea from
ammonia requires the high metabolic expenditure of four ATP
molecules, urea formation is necessary to eradicate ammonia,
which is toxic to animals at relatively low concentrations, From an
evolutionary perspective, the development of urea cycle enzymes
and the ability of animals to synthesize urea from ammonia has
become of particular importance with the movement of animals
Note: In this paper UT2 refers to the urea transporter encoded by the
rabbit 3.0 kb or the rat 2.9 kb mRNA, whereas UT refers to the urea
transporters encoded by the 2.9 and 4 kb mRNAs from rat kidney.
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on land [1]. In aquatic animals, the maintenance of low ammonia
concentrations in the body has not been a problem because of the
unlimited water supply. For example, teleost fish maintain their
body osmolality below that of sea water and dispose waste
nitrogen as ammonia with little metabolic expenditure [2—41. By
contrast, land animals have overcome the problem of limited
water supply by synthesizing urea as a mechanism to detoxify
ammonia.
Certain species also use urea as an important osmolyte [5—71.
Forexample, marine elasmobranch such as sharks, skates and rays
possess large quantities of urea in the blood, body fluids and
tissues [5]. Their strategy for living in a marine environment is to
maintain their body osmolality isosmotic with sea water, using
urea as an osmolyte.
Given the vital roles urea plays in vertebrates, an important
question arises as to how urea moves across biological mem-
branes. Urea movement was originally thought to occur by simple
lipid permeation. Subsequent studies, however, revealed that
several cell types including erythrocytes and epithelial cells of
certain nephron segments have membrane permeabilities that are
considerably higher than can be explained by simple lipid-phase
diffusion, suggesting the existence of specialized urea transporters
[8].
In the past few years, carrier mediated urea transport has been
extensively characterized in kidney inner medulla [9—11] and red
blood cells [12]. In general, these transporters were found to be
passive and phloretin-inhibitable, and to exhibit low affinities for
urea (Km > 100 mM). The urea permeability of in vitro perfused
kidney tubule segments has been studied by several investigators
[reviewed in 11]. Moderate permeabilities were detected in thin
descending limb of short loops of Henle [131, and in the inner
medullaiy portion of long-loop descending and ascending thin
limbs (Fig. 2) [14—17]. The highest permeability was detected in
the terminal inner niedullary collecting duct (IMCD) [18—221.
This permeability was found to increase to high values in response
to stimulation by vasopressin [18—20, 22]. There was no saturation
of radiolabeled urea transport across terminal IMCD segments in
zero trans experiments when the bath urea was varied between
0 and 800 mM [9]. However, when the urea concentration was
varied in both lumen and bath, the lumen to bath urea flux
approached a limiting value at 400 to 500 m urea.
Toon and Solomon measured the permeability of ureas and
amides through the red blood cell membrane and concluded that
permeation is a saturable process with Km values of around 400
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Fig. 1. Urea cycle in the liver. Most of the urea
excreted by the mammalian kidney is
synthesized in the liver. Two ammonium ions
are consumed by the urea cycle: One is
consumed in the formation of carbamoyl
phosphate (the carbamoyl moiety is then
transferred to ornithine to form citrulline). The
second is consumed in the formation of
aspartate from oxaloacetate (in this reaction, an
cs-amino nitrogen from glutamate is transferred
to oxaloacetate by transamination to form
aspartate and a-ketoglutarate; this reaction can
be considered to consume one ammonium ion
although it does not directly utilize free
ammonium). Citrulline and aspartate then form
argininosuccinate, and subsequent cleavage of
argininosuccinate yields arginine and fumarate.
Arginine is then hydrolyzed into urea and
ornithine. An equivalent of four ATP molecules
are utilized during the formation of each urea
molecule. The Figure also highlights the urea
recycling pathway which exists in some species
between the liver and the colon.
Fig. 2. Role of urea transporters in the urinaty
concentrating mechanism, and possible sites of
expression of urea transporters in the rat kidney.
Abbreviations are: DVR, descending vasa recta;
AVR, ascending vasa recta; tDL, thin
descending limb; TAL, thick ascending limb;
CD, collecting duct. The 2.9 kb signal is
expressed in the inner stripe of the outer
medulla (probably in thin descending limbs of
short ioops of Henle). The 4.0 kb signal
corresponds to the transporter in the IMCD.
The Figure shows the thin descending limbs of
short ioops of Henle to cross over the long
ioops and to the peripheiy of the vascular
bundles which include descending and
ascending vasa recta. This morphological
phenomenon was observed in some rodents
such as rat and mouse and has implications for
the urine concentrating ability.
mM [12]. Physiologically, it was thought that facilitated urea
transport in red cells minimizes volume perturbations when they
circulate through the renal medulla. Studies of urea transport in
human erythrocytes of the Kidd blood type Jk(a—b—) revealed
that these cells lack the facilitated urea transporter. Experimen-
tally, it was demonstrated that erythrocytes from individuals who
lack the Kidd antigen exhibit an increased resistance to lysis to
aqueous 2 m urea [23]. Froehlich et al also showed that these
erythrocytes have a specific defect in urea transport [24]. Al-
though patients with the Jk(a—b—) blood type have no obvious
medical problems, recent studies by Sands and colleagues indi-
cated that these individuals have a minor defect in the ability to cytes.
concentrate urine [25]. Based on their study, Jk(a—b—) patients
had a maximal urine osmolality of 819 mOsm/kg H20, whereas
the maximal urine osmolality in control individuals was —1,000
mOsm/kg H20. Because of the slightly impaired urine concen-
trating ability in Jk(a—b—) patients, it was proposed that the
erythrocyte and the kidney urea transporters are encoded by a
single gene that is deficient in patients with K.idd blood type. Our
recent insights into the molecular identity of urea transporters,
however, revealed that there are different urea transporters in
kidney and erythrocytes and that the Kidd blood group is associ-
ated with a defect of the urea transporter expressed in erythro-
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Role of urea transport in urine concentration
An important function of the mammalian kidney is to conserve
water. Urea transport in the mammalian kidney medulla is
intimately involved in the urinary concentrating mechanism [re-
viewed in 11]. Vasopressin increases the water permeability in
collecting ducts [26] resulting in a progressive increase in luminal
urea concentration (Fig. 2). Vasopressin also increases the per-
meability of the terminal part of the collecting duct to urea,
resulting in movement of urea into the medullary interstitium
[19]. Increasing urea transport in the IMCD, in conjunction with
Na-K-2C1 cotransport in the medullary thick ascending limbs [27],
enables the establishment and maintenance of the hypertonic
medulla which provides the osmotic gradient required for water
reabsorption. This allows urine to be concentrated efficiently and
urea to be disposed of in a small volume of water.
Previous studies indicated that urea absorbed in the IMCD is
also secreted into thin descending and ascending limbs and into
descending vasa recta in a process called urea recycling [11]. Urea
recycling is thought to limit urea dissipation from the inner
medulla, allowing the maintenance of the corticomedullary os-
motic gradient. This process is at least in part provided by urea
transporters since both the IMCD and thin descending limbs of
short loops of Henle have been shown to contain urea transport-
ers (see above).
Additional urea recycling pathways are provided by the unique
anatomical organization of the vascular bundles in the inner stripe
of the outer medulla. In this region, the vessels heading for the
inner medulla (descending vasa recta) or returning from the inner
medulla (ascending vasa recta) are incorporated into tightly
packed vascular bundles [28]. Recent studies by Pallone et al using
dissected and perfused outer medullary vasa recta from vascular
bundles revealed that the endothelia of descending vasa recta
contain a phloretin-inhibitable urea transporter [29, 30]. It was
proposed that this transporter serves to prevent the escape of urea
from the renal medulla by efficiently trapping it in the vascular
counter current system and by delivering urea back to the deeper
portion of the medulla. Since the concentration of urea returning
in ascending vasa recta from the inner medulla approaches the
concentration in the descending vasa recta, the close association
of descending and ascending vasa recta in vascular bundles allows
efficient countercurrent exchange of urea between the two struc-
tures. Such an exchange would involve exit of urea from ascending
vasa recta via the fenestrated endothelial structure of these
vessels, and carrier mediated entry of urea into descending vasa
recta.
In some species, descending thin limbs of short loops of Henle
cross over the long loops of Henle and are either attached to the
periphery of the bundles (rat) or become incorporated into the
vessels of the bundles (mouse) (Fig. 2) [31, 32]. These species-
specific anatomical arrangements of the bundles in the inner
stripe of the outer medulla likely provide efficient recycling and
trapping pathways for urea, and further prevent its escape from
the renal medulla.
Expression cloning and characterization of the urea
transporter UT2 from rabbit kidney
In the past decade, the analysis of mammalian transporters at
the molecular level has been initially limited by the ability to
purify membrane proteins and to prepare probes and antibodies
suitable for screening cDNA libraries. A powerful expression
cloning technique for studying membrane proteins at the molec-
ular level has subsequently emerged which involves screening
of eDNA libraries by functional expression in Xenopus laevis
oocytes. We have adapted this strategy to the cloning of mem-
brane transport proteins, and the first transporter to be cloned by
this method was the intestinal Na4-coupled glucose cotransporter
SGLT1 [33, 34]. Further use of this technique in our laboratory
led to the cloning of several transporters cDNAs, each of which
encoded the first member of a novel protein family. The trans-
porters encoded by these cDNAs include the Na and K-
dependent epithelial and neuronal high affinity glutamate trans-
porter EAAC1 [35], the intestinal H-coupled oligopeptide
transporter PepTi [36, 37], and the renal dibasic and neutral
amino acid transport protein D2, defects of which cause the
formation of kidney stones in patients with cystinuria [38, 39].
To isolate a cDNA encoding a mammalian urea transporter we
screened a rabbit kidney inner medulla cDNA library for the
uptake of 14C-labeled urea [40] (a general description of the
expression cloning technique is in [34]). Poly(A) RNA from
rabbit kidney inner medulla was first micro-injected into collage-
nase-treated and manually defolliculated Xenopus oocytes. Three
days after injection, the uptake of '4C-labeled urea (1 mM) into
oocytes was measured during 30 minutes. A fivefold increase in
uptake of urea was observed compared to water-injected control
oocytes. Rabbit kidney medulla poly(A) + RNA was size-fraction-
ated using a preparative agarose gel electrophoresis apparatus,
and the size-fractions were analyzed for their ability to induce
urea uptake in oocytes. Fractions within the 3.0 to 4.4 kb
size-range showed peak stimulation of urea transport in oocytes
and were used to construct a directional cDNA library, using the
expression vector pSPORT1 (Gibco BRL). Plasmid DNA was
then extracted from pools of 300 clones by a mini-prep technique
and in vitro transcribed using T7 RNA polymerase. The cRNA
was micro-injected into oocyte and the uptake of '4C-labeled urea
was measured three days after injection. Analysis of —20 poois led
to the identification of one positive pool, and its subsequent
division into progressively smaller subpools, followed by func-
tional analysis in Xenopus oocyte, resulted in the isolation of a
3,1 kb cDNA which encodes the rabbit urea transporter UT2 [40].
The cDNA contains an open reading frame from nucleotides
1025 to 2215 that predicts a 397 residue protein (UT2; Fig. 3A).
A search of the translated sequence databases revealed that UT2
is not homologous to any known sequence. Hydropathy analysis of
UT2 revealed an unusual pattern of hydrophobicity different from
that found in previously studied transporters (Fig. 3B). Overall,
UT2 is extremely hydrophobic and, in contrast to the character-
istic pattern observed in most plasma membrane transport pro-
teins which includes several distinct hydrophobic transmembrane
segments interspersed with hydrophilic regions, UT2 has two
large extended hydrophobic domains (Fig. 3B). This suggests that
a major portion of the protein may be entirely embedded in the
membrane, as indicated in Figure 2A.
High stringency Northern analysis of rabbit tissues was used to
study the tissue distribution of UT2 (Fig. 4A) [40]. UT2 mRNA is
strongly expressed in kidney and colon. Strong bands at 4.0 kb
were observed in samples from rabbit renal papillary tip, renal
medulla and colon. A band at 3.0 kb was present in the outer
medulla of the kidney.
Urea transport in colon may be involved in nitrogen salvaging.
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Fig. 3. A. Hypothetical representation of the
topology of rabbit UT2 in the membrane.
Putative PKA and PKC phospholylation sites
are indicated. Asn 210 is a putative N-
glycosylation site. Potential membrane spanning
regions are numbered 1 to 10. B. Hydropathy
analysis of the UT2 amino acid sequence using
a window of 21. A and C are extended
hydrophobic regions. B is a more hydrophilic
400 region predicted to be extracellular.
Studies by Jackson and coworkers indicated that, in some species,
urea formed in the liver is disposed of not only by excretion in the
urine, but also by secretion into the colon where it is hydrolyzed
by gut microflora (Fig. 1) [411. Ammonia formed in this way may
be salvaged and transported to the liver via the portal vein where
it is made available for further metabolic interaction. This recy-
cling of nitrogen between the liver and the gut may be of
particular importance in herbivores, which have a relatively low
protein intake and therefore a limited nitrogen supply. Interest-
ingly, in rat, UT2 mRNA does not appear to be expressed in colon
[42]. Whether dietaiy protein restriction induces expression of
UT2 in rat colon remains to be elucidated.
Low stringency Northern analysis was used to test for the
existence of UT2-related sequences in rabbit (Fig. 4B). Under low
stringency condition, the rabbit UT2 probe hybridized to distinct
4.0 kb bands in liver and lung [37]. A urea transporter in the
sinusoidal plasma membrane of hepatocytes would allow exit of
urea that is produced by the urea cycle.
UT2 expressed in Xenopus oocytes mediated passive movement
of urea across the oocyte plasma membrane and increased its urea
permeability 23-fold (Fig. 5). The calculated urea permeability of
UT2-injected oocytes based on initial rates of uptake was 4.5 x
i0 cm/sec [40]. This is in agreement with the published value for
in vitro perfused terminal IMCD segments which is between 11.6
and 13.1 x i0 cm/sec [21]. In contrast, the urea permeability of
water-injected control oocytes is 1.9 X 10 cm/sec, a value which
is characteristic of lipid-phase permeation of urea.
A characteristic feature of carrier-mediated transport is satu-
ration of transport with increasing substrate concentration. The
maximal urea concentration that can be used in experiments with
Xenopus oocytes is —200 mM. However, as discussed above, urea
transporters in kidney and red blood cells have Km values
significantly above 200 m. Consistent with this, UT2-mediated
transport did not exhibit saturation in the concentration range
between 1 and 200 m urea.
Urea transport in the kidney is also characterized by inhibition
with phloretin and urea analogues. With phloretin concentrations
of 0.35 and 0.7 m rabbit UT2-mediated uptake of urea (1 mM)
was inhibited by 48 and 78%, respectively [40]. Studies addressing
the inhibition of UT2 mediated urea uptake (1 mM) by urea
analogues (150 mM) revealed that the pattern of inhibition
resembles that reported for the apical vasopressin-sensitive urea
transport in in vitro perfused rat kidney IMCDs [40].
Also consistent with the predicted distribution of the vasopres-
sin-regulated urea transporter are our data from in situ hybrid-
ization (Fig. 6A) [40]. Using 35S-labeled UT2 antisense cRNA, a
strong signal was observed in epithelial cells lining the IMCD.
This signal corresponds to the 4.0 kb message detected on the
Northern blot in lanes corresponding to inner medulla and
papillary tip (Fig. 4A). There is also a striking pattern of hybrid-
ization in the inner stripe of the outer medulla (Fig. 6A) that
corresponds to the 3.0 kb UT2 transcript in the outer medulla as
shown by Northern analysis (Fig. 4A). The 3.0 kb transcript
appears to encode a urea transporter which is located in thin
descending limbs of short loops of Henle. UT2 in this structure is
most likely involved in urea recyling.
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Urea transport across the apical membrane of terminal IMCD
cells is thought to be the rate-limiting step and the control site for
regulation of trans-epithelial urea permeability by vasopressin.
Studies by Star et al [22] using isolated perfused rat terminal
IMCD segments suggested that stimulation of urea transport by
vasopressin results from the occupation of V2-type vasopressin
receptors with subsequent activation of adenylate cyclase, and
that the apical urea permeability increases predominantly as a
result of an increase in the number of functional transporters in
the apical membrane. Activation is thought to involve recruitment
of urea transporter molecules from intracellular vesicle pools, as
is the case for the vasopressin-regulated water channel AQP2 [27],
and/or activation of urea transporter molecules by direct phos-
phorylation via protein kinase A. UT2 has two putative protein
kinase A phosphorylation sites (Fig. 3). However, the cAMP
analogues Sp-cAMP-S, dibutyryl-cAMP and 8-bromo-cAMP (30
mm preincubation, 1 m analogues) were found to have no
significant effect on UT2-mediated urea transport in oocytes [40].
Thus, further studies involving the subcellular localization of the
urea transporter in IMCD cells and analysis of the molecular
nature of the 3.0 and 4.0 kb transcripts will be necessary to
determine the mechanisms by which vosopressin activates urea
transport in the IMCD.
Cloning and characterization of UT2 from rat kidney
UT2 from rat kidney was cloned to further study the regulation
of expression of this transporter. A rat UT2 cDNA was isolated by
Fig. 4. Tissue distribution of rabbit UT based on
low and high-stringency Northern analysis. A.
High stringency Northern analysis. The filter
was hybridized at 42°C in 50% formaldehyde
and washed at 42°C in 0.1 X SSC-0.1% SDS.
Each lane contains 3 g poly(A) RNA. B.
Low stringency Northern analysis. The filter
was hybridized at 35°C in 50% formaldehyde
and washed at 42°C in 0.1 X SSC-0.1% SDS.
32P-labeled full-length UT2 cDNA was used for
hybridization.
screening a eDNA library from rat kidney medulla with the
full-length rabbit UT2-cDNA probe [42]. A 2,9 kb cDNA was
isolated that has an open reading frame from nucleotides 928 to
2118 and encodes a 397 residue protein (rat UT2). The rat UT2
amino acid sequence is 88.1% identical to that of rabbit UT2.
Expression studies of rat UT2 in Xenopus oocytes showed that it
is a phloretin-sensitive urea transporter.
High stringency Northern analysis of rat kidney mRNA re-
vealed that rat UT is encoded by two transcripts, a 2.9 and a
4.0 kb transcript (Fig. 7), analogous to the 3.0 and 4.0 kb
transcripts found in rabbit [42]. Based on in situ hybridization,
using rat UT2 antisense cRNA as a probe (Fig. 6B), in combina-
tion with Northern analysis, these two transcripts exhibit spatially
distinct distributions within the kidney [42], again in complete
agreement with the findings in rabbit. Figure 6B shows a promi-
nent signal in epithelial cells lining the IMCD. Northern analysis
(Fig. 7) revealed that this signal corresponds to the 4.0 kb
transcript, its localization is consistent with the predicted distri-
bution of the vasopressin-regulated urea transporter. An in situ
hybridization signal is also present in the lower part of the inner
stripe of the outer medulla (Fig. 6B). This signal corresponds to
the 2.9 kb transcript detected by Northern analysis in RNA from
the inner stripe of the outer medulla (Fig. 7). As alluded to above,
UT2 in this region may participate in urea recycling. Studies are
now in progress to determine the exact location of UT2 in the
kidney medulla.
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Fig. 5. Expression of rabbit UT2 in Xenopus oocytes. The Figure shows the
time course of the uptake of 14C-labeled urea (1 mM) into UT2-cRNA-
injected oocytes and water-injected control oocytes.
Differential regulation of the 2.9 and 4.0 kb transcripts in
rat kidney
Using Northern analysis and in situ hybridization, we have
investigated the expression of UT mRNA in rat kidney in
response to various physiologic conditions [42]. The studies
revealed that the 2.9 and 4.0 kb transcripts are regulated by
separate mechanisms (Fig. 8).
The reponse of UT mRNA expression to dietary protein
restriction was determined in Sprague-Dawley rats that were
given for four weeks either a normal diet containing 18% protein
(NIH-31 diet) or a low protein diet containing 8% protein
(NIH-31LP diet) [421. The low protein diet was the same as that
used by Isozaki et al [43, 44] and has been shown to cause a
significant decrease in blood urea nitrogen and in the urinary urea
excretion [43]. The experiments revealed that the 4.0 kb transcript
which is expressed in the inner medullary collecting ducts is
strongly up-regulated in response to protein dietary restriction
while the 2.9 kb transcript is much less affected (Fig. 8, left) [421.
This finding is consistent with the observation by Isozaki et al that
dietary protein restriction causes a decrease in the fraction of
filtered urea excreted and an associated increase of phloretin-
inhibitable urea transport in the initial inner medullary collecting
ducts [43]. Up-regulation of UT2 mRNA in collecting ducts may
help to preserve blood urea so that urine can be concentrated
maximally when the need arises.
Previous studies revealed that in rats fed a normal diet the
initial inner medullary collecting duct has a very low urea perme-
ability that cannot be stimulated by vasopressin [19]. Our in situ
hybridization data indicate that feeding a low protein diet induces
a spreading of the 4.0 kb hybridization signal to the upper third of
the inner medullary collecting duct (Fig. 8, left) [42]. The spread-
ing of the UT signal induced by protein restriction is consistent
with recent studies of Sands and colleagues which showed that
feeding rats a low protein (8%) diet for two weeks triggers the
expression of a passive vasopressin-inducable urea transporter in
the initial inner medullary collecting duct [44]. Interestingly, these
investigators also observed that feeding rats a low protein diet for
three weeks induces a second, Nat-coupled urea transporter that
is not sensitive to phloretin or vasopressin [45]. Determination of
the molecular basis of this second, "active" urea transporter,
however, requires further studies.
To study the effect of dehydration on the expression of
UT mRNA levels, male Sprague-Dawley rats had limited access to
water (10 mI/day) for three days [42]. Based on Northern analysis
and in situ hybridization, the 2.9 kb transcript was highly respon-
sive to changes in the hydration state. Dehydration of the animals
strongly increased the expression of this transcript (Fig. 8, right).
Since the 2.9 kb transcript appears to be expressed in thin
descending limbs of short ioops of Henle, this response may be
beneficial during dehydration because it limits dissipation of urea
from the inner medulla by stimulating urea recycling. Up-regula-
tion of the 2.9 kb transcript may therefore enhance the cortico-
papillary osmolality gradient and osmotic water reabsorption.
Dehydration also appears to induce a spreading of the 2.9 kb
signal towards the papilla (Fig. 8, right). Whether the spreading
involves expression of the 2.9 kb transcript in inner medullary
portions of long-loop descending and/or ascending thin limbs
remains to be determined.
Taken together, our studies on the long-term regulation of UT
reveal that the expression levels of the 2.9 and 4.0 kb transcripts
are regulated by separate mechanisms. Given the predicted roles
and localization of the two transcripts in kidney it seems plausible
that distinct regulatory pathways of these transcripts are necessary
to allow optimal fluid balance in response to different physiologic
states. Whether the transcripts are controlled by separate promo-
tors remains to be elucidated.
Differences in the distribution of expression of UT mRNA in
rabbit and rat kidney
A comparison of the UT in situ hybridization signals in rabbit
and rat is shown in Figure 6. The different patterns of the UT
signals in the inner medulla of these species are in agreement with
previous observations by Knepper et al [46]. These investigators
demonstrated that in the inner medulla, the collecting ducts fuse
with a different frequency in rabbits compared to rats. In rabbits,
the number of collecting ducts per unit cross-sectional surface
area was found to decrease continuously from the outer-inner
medullaiy border to the papillary tip. By contrast, in rat, this
number was found to be constant throughout most of the inner
medulla and to diminish only close to the papillary tip. The
different branching patterns in rabbit and rat are entirely consis-
tent with the UT in situ hybridization staining patterns obtained
for the inner medulla of these two species (Fig. 6).
Further differences in the distribution of the two UT2 tran-
scripts in rabbit and rat kidney may parallel adaptation in
response to different amounts of dietary protein consumed by
these species, given that the herbivorous rabbits have a lower
protein intake than the omnivorous rats. The strong expression of
UT mRNA in rabbit medulla (Fig. 6A) appears to resemble that
observed in the kidney of rats fed a low protein diet (Fig. 8A).
The urea transporter from erythrocytes is the Kidd antigen
Ripoche and colleagues recently isolated a eDNA clone from a
bone marrow eDNA library which corresponds to the red blood
x 10 cm-1
1.9 x 10cm s
ba ••#aaI/ Mtlap
''' •'2 / —
'i?.. Vd,'-;
,•z"•• 2*ZT
•
•
•
Hediger et a!: Mammalian urea transporters 1621
Fig. 6. In situ hybridization of kidney from rabbit (A) and rat (B). Cryosections (7 .rm) of paraformaldehyde-fixed kidney were probed with 35S-labeled
antisense UT2 cRNA synthesized from the full-length rabbit or rat UT2 cDNAs. The cRNA probes were hydrolyzed for 50 minutes to generate probes
of --100 nucleotides. Hybridization signals are evident in the terminal part of the TMCD and in the inner stripe of the outer medulla in both rabbit and
rat.
Fig. 7. Renal localization of rat UT2 by high stringency Northern analysis of
dissected kidney. Full length 32P-labeled UT2 eDNA was used as a probe.
Filters were hybridized at 42°C and final washing was in 0.1 X SSC-0.1%
SDS at 65°C.
cell urea transporter (HUT11) [47]. At the amino acid sequence
level, HUTI 1 is 64% identical to rat UT2. When expressed in
Xenopus oocytes, its inhibition pattern by phloretin, the sulfhydryl
specific agent pCMBS, and urea analogues was as described for
the mammalian erythrocyte urea transporter. In oocytes express-
ing HUT11 the urea permability was increased from 1.2 to 2.0 X
10' cm/second to 2.4 x iO cm/second. This gives approxi-
mately a 20-fold increase in the urea permeability. The investiga-
tors also demonstrated that HUTiland UT2 do not affect the
permeability to water. Recent studies by Olives et al revelaed that
HUT11 corresponds to the Kidd blood group and that JK(a—b—)
red cells have a defect in this urea transporter [48].
Based on Northern analysis, HUTI1 is also expressed in the
kidney [471. However, its exact tissue distribution within the
kidney has not yet been determined. Since the erythrocyte urea
transporter does not appear to be under hormonal control,
HUT1I in the kidney may represent a constitutive transporter.
Summary and future perspectives
Our data show that UT2 is a phloretin-inhibitable passive urea
transporter that is strongly expressed in the kidney medulla. UT2
is the first member of a growing family of novel transporters that
are unusually hydrophobic. HUTI 1 was recently identified as the
erythrocyte homologue of UT2 and there is 64% amino acid
sequence identity between the two isoforms. It appears likely that
this transporter family includes additional transporters such as the
basolateral urea transporter from kidney IMCD and putative UT2
isoforms from liver, lung and possibly brain.
Our data strongly reveal that UT plays an important role in the
urinary concentrating mechanism and in the regulation of nitro-
gen balance. In rat, UT mRNA is extremely responsive to changes
in the physiological state of the animal and the pattern of the
responses are specific to the functional state of the kidney. The 2.9
kb and 4.0 kb transcripts appear to be independently regulated
and their message levels are most likely controlled by multiple
factors, possibly by multiple hormones and/or due to the presence
of receptors or sensors expressed in different cell types of the
kidney. Studies to characterize the 4.0 kb UT transcript in the
kidney are now in progress. In addition to the regulation at the
message level, UT expression in the terminal IMCD is expected to
be highly responsive to vasopressin. Studies using immunocyto-
chemistry are currently in progress to determine whether activa-
tion of UT by vasopressin involves recruitment of transporter
molecules from intracellular vesicle pools, in analogy to the water
channel AQP-2 [26]. Further localization of rat UT and HUT1 1 in
kidney inner and outer medulla, combined with the identification
and localization of other renal urea transporters such as the
transporter in basolateral membranes of terminal IMCD cells, will
lead to a better understanding of the specific roles of urea
transporters in the renal urea concentrating mechanism.
kb
d
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Protein deprivation Water restriction
Fig. 8. Alteration of rat UT mRNA expression in response to changes of the dietary protein content and the hydration state. Left. In situ hybridization of
kidneys from rats fed a low protein diet containing 8% protein (NIH-31 diet) for four weeks. Right. In situ hybridization of kidneys from dehydrated
rats (rats had free access to food but water was restricted to 10 mI/day for three days). The Figure shows that protein deprivation strongly increases the
expression of the 4 kb transcript in the IMCD whereas water restriction increases the expression of the 2.9 kb transcript in the inner stripe of the outer
medulla and in the inner medulla (see Fig. 2).
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